Abstract-A concurrent multi-band low-noise amplifier (LNA) for both WLAN and WiMAX applications covering 2.4-2.7 GHz, 3.3-3.8 GHz and 5.1-5.9 GHz is mainly investigated. The proposed LNA consists of two cascaded common-source stages and employs steppedimpedance transformers and series and shunt feedback techniques to obtain good return loss, low noise and high linearity simultaneously. Test results show that the LNA features input and output return loss of 12 dB, gain of 21 dB, and noise figure of 2 dB across the three bands of operation, which are the state of the art among the counterparts.
INTRODUCTION
With the development of wireless communications, requirements for transceivers that can support multi-bands and multi-standards, such as WLAN, Wi-Fi, Bluetooth, WiMAX, and ultra-wideband (UWB), are continuously increasing [1] . One of the key bottlenecks for multiple-standard communications is the implementation of the lownoise amplifier (LNA) that can operate at different frequency bands, which plays an important role in the noise performance or sensitivity of the total receiver chain. The challenges include a good input matching, flat frequency response of power gain, low noise figure (NF), and sufficient high linearity within the desired bands. A straightforward approach implements multiple separated narrowband amplifiers, each designed for a different frequency band [2, 3] .
Apparently this method suffers from high power dissipation, a large chip area and therefore a significant increase in cost. Recently the switched or reconfigurable LNAs by capacitors, inductors, transistors or RF micro electro mechanical systems (MEMS) have also been reported [4] [5] [6] [7] [8] [9] . However, this degrades the noise figure, and only one band can be selected at a time. The wide-band LNAs that cover the bands of interest are alternative while strong unwanted blockers are amplified together with the desired frequency bands and significantly degrade the receiver's sensitivity [10] [11] [12] [13] [14] [15] [16] [17] . To circumvent the above problems, concurrent LNAs were developed [18] [19] [20] [21] [22] [23] [24] . The concurrent LNAs enable simultaneous multi-band operations in the same circuitry, and therefore present lower power consumption and reduced chip area. It should also be noted that multiple bands handling capability is the main drawback for this concept, which makes the linearity significant for this situation.
In this study, a concurrent triple-band LNA suitable for both WLAN and WiMAX applications covering 2.4-2.7 GHz, 3.3-3.8 GHz and 5.1-5.9 GHz is investigated as one of the alternatives to alleviate the above-mentioned problems. Compared to the prior concurrent LNAs, triple distinct bands of operation, lower NF and higher linearity are obtained. The design methodology is detailed in the following sections. Section 2 describes simultaneous noise and input impedance matching resulted from the source degenerated structure, the frequency response shaped by the stepped-impedance transformer, and the new shunt-feedback circuit. Moreover, the results and discussion of the LNA are reported in Section 3. Finally, Section 4 concludes this work.
CIRCUIT DESIGN
In this work, we choose not to use additional circuit techniques such as cascode structure or differential cross-coupling, as it is our goal to treat the design in a general fashion. These techniques optimize the performance to some extent, but add little to the essence of the approach. As we will show, even without these tricks, the presented design achieves state-of-the-art performances. Overall, the simplicity of the circuit is a benefit, as it reduces the number of sources for parasitic capacitance, noise and distortion. The schematic diagram of the proposed LNA is shown in Figure 1 . It can be decomposed into three parts: the inductively degenerated input stage; the output stage with shunt feedback; the input, inter-stage and output matching networks MN 1 , MN 2 and MN 3 . The proposed design is simulated and optimized with Advanced Design System (ADS) from Agilent Technologies. 
Inductively Degenerated Input Stage
The input stage, which is mainly designed for low noise consideration, consists of a common-source amplifier with an additional source inductor. The source inductor L S1 is added for simultaneous input impedance and noise matching as discussed below.
From the small-signal equivalent circuit of the LNA (not shown here), without L S1 , the input impedance Z in looking into the gate of the transistor M 1 is
where r represents the loss in the gate of the transistor M 1 , C gs1 is the gate-source capacitance of M 1 [23] . Although in our analysis here the effect of the gate-drain capacitance C gd1 of M 1 is neglected, the simplified analysis still provides a useful and quick assessment. Typically, r and C gs1 take on the values of less than 10 Ohm and a few tenths of a pF, respectively, which leads to a significant distance between Z * in and Γ opt (the optimum source reflection coefficient for minimum NF) on the Smith chart since the real part of input impedance is too small and the imaginary part is more capacitive than needed [25] . While L S1 is added to the source of M 1 , the input impedance Z in becomes
where g m1 is the transconductance of M 1 . As can be seen from (2), the source degeneration brings an increase in the real part at the input impedance. However, the noise parameters including Γ opt remain relatively undisturbed because of the nature of being lossless of L S1 . Therefore, if not excessive, L S1 shifts Z * in closer to Γ opt , which means a simultaneous input impedance and noise matching could be obtained.
To demonstrate our conclusion further, the real parts of the input impedance Z in1 and Z in2 before and after L S1 of 0.3 nH is added are both plotted in Figure 2 . Clearly, the input resistance increases by about 15 Ω with the addition of L S1 . Moreover the real part of the input impedance keeps approximately constant with frequency, which is in accordance with those given in Equations (1) and (2). In addition, the source reflection coefficient Γ s corresponding to Z * in and Γ opt at different frequencies before and after L S1 is added are shown in Table 1 . It is found that: (1) there is only a slight variation in Γ opt after L S1 is added; (2) with the addition of L S1 , Γ s is much closer to Γ opt indeed. Both the results confirm the analysis above further.
It should be noted that the stability of the amplifier is also enhanced due to the increase in the real part of the input impedance. Certainly, the penalty is the reduced gain.
Depicted in Figure 3 is the equivalent circuit of the input stage for noise analysis. As the frequency goes higher, the gain of M 1 becomes low, and the output noise power contributed by R S and M 1 is abated; • therefore, R D1 plays a critical role in increasing the noise figure [26] .
Here we assume that the impedance seen looking into the drain of M 1 is equal to Z 0 , the impedance of parallel-LC circuit is Z LC , and then the output noise power contributed by R D1 can be derived as
where k is the Boltzmann constant, T is the absolute temperature, respectively. From (3), V 2 n,o1 is inversely proportional to Z LC , so the output noise can be effectively reduced at the antiresonance of L D1 and C D1 .
The value of the drain inductor L D1 must be judiciously selected for its twofold function. First it improves the noise performance at high frequencies for its resonance with the capacitor C D1 as discussed above, which will also be seen as a small dip in NF around 5.7 GHz (shown in Figure 7 ). What's more, L D1 and the series resistor R D1 are designed to have a peaking characteristic to compensate the gain roll-off of the devices at high frequencies. In this design, L D1 , R D1 and C D1 are optimized as 5 nH, 25 Ω and 1 pF, respectively.
Output Stage with Shunt Feedback
The output stage is a common-source amplifier with a shunt feedback from drain to gate. This stage aims at high linearity with additional gain enhancement. This shunt feedback is just from the drain of the transistor M 2 to its gate rather than to the input of the whole LNA, which would deteriorate the overall noise performance significantly. The feedback resistor R F must be chosen with the trade-off between the bandwidth, linearity and gain. C F is for DC blocking and L F is for decreasing the feedback at high frequency, respectively. The new feedback circuit proposed here is demonstrated to improve not only the flatness of the gain, bandwidth and linearity but also the stability. The values of L F , C F , R F , C F , R F 2 in this design are 8 nH, 0.4 pF, 100 Ω, 0.2 pF, 150 Ω, respectively.
Matching Networks
To obtain the maximum gain as possible, the whole LNA is fully matched, which means the input, output and inter-stage matching network are required to accomplish conjugate matching for each stage. The detailed matching principle of covering three bands simultaneously is expounded as follows.
As illustrated in Figure 4 , the stepped-impedance transformer is composed of n sections, each of them with a characteristic impedance Z i and physical length l i , where the subscript denotes the i-th section. It is terminated with a load impedance Z L , which is frequency dependent to imitate the input/output impedance of each stage. The impedance Z i seen looking toward the termination at the left hand of each section is
with i = 1, 2, . . . , n, β being the propagation constant. By using (4) recursively we can then obtain the input reflection coefficient Γ in , as a function of Z i and l i ,
with Z 0 the reference impedance. To match this frequency-dependent termination to the system impedance at given design frequencies, Γ in = 0 should hold at each desired frequency, and hence a set of m nonlinear complex-valued equations is formed, where m is the number of the design frequencies. As long as n ≥ m as well as Z i and l i being free variables is ensured, the set of equations is solvable, and accordingly our goal is achieved. For the preliminary solution, the formula in [27] may be a good reference, which can be further optimized for the optimal performances of the whole LNA by a simulator. To obtain a wide band, each matching network has 5 sections, with the specific values in Table 2 and the subscripts numbered from left to right according to Figure 1 . Note this inductorless matching technique also helps to achieve superior noise performance. Table 2 . Design values of the stepped-impedance transformer.
(a) Input matching network. Gain and reverse isolation of the LNA.
RESULTS AND DISCUSSION
The device is chosen as ATF-54143, in enhancement-mode GaAs pHEMT technology, and the model used is Advanced curtice 2, both from Avago Technologies. Other capacitor and inductor components are with chip packing from Murata Manufacturing Co., Ltd.. The whole LNA is on an FR-4 PCB board with a relative dielectric constant ε r of 4.4 and thickness of 0.8 mm and draws 20 mA from the 2-V supply. Since this design mainly focuses on low noise, good input/output return loss and high linearity with triple-band operation, the power consumption here is somewhat larger than those especially in CMOS technology. The one-tone and two-tone test are performed here to demonstrate the return loss, gain, reverse isolation, noise figure and the input third-order intercept point (IIP3) for linearity, respectively, which are illustrated in Figures 5-9 . As can be seen from Figure 5 , the input and output return losses are both better than 12 dB across 2.4-2.7 GHz, 3.3-3.8 GHz and 5.1-5.9 GHz for simultaneous WLAN and WiMAX applications, which demonstrates a successful design of our stepped-impedance as the input, output and inter-stage matching network. In Figure 6 , the power gain ranges from 20 to 24 dB over the triple bands of interest, which is attributed to the shunt peaking and feedback. Reverse isolation is an important consideration in the design of amplifiers as poor reverse isolation may lead to oscillation. This issue is particularly concerned for feedback amplifiers due to high possibility of severely poor isolation caused by the feedback itself. As seen in Figure 6 , S 12 keeps below −30 dB within the desired bands, which suggests that the shunt feedback technique doesn't do much damage to the reverse isolation of the LNA. As shown in Figure 7 , the NF stays below 2 dB from 2 GHz to 5.9 GHz with a small dip around 5.7 GHz due to the antiresonance. The linearity of the proposed LNA is checked by feeding two tones with 1 MHz spacing, with the IIP3 of 1 dBm at 5.2 GHz illustrated in Figure 8 . The dependence of IIP3 on frequency is also depicted in Figure 9 . Due to the feedback configuration, the developed LNA has a good linearity, varying from −1 to 11 dBm across 2-6 GHz. To the authors' knowledge, the noise performance and the linearity are the sate of the art among the published work. Figure 10 shows the stability factor extracted from the two-port S parameters to estimate the stability of the LNA. Apparently it keeps larger than one across the three working bands, which indicates an unconditionally A study of the performance degradation in one band when there is signal in another band has been made. Here we apply two signals with −10 dBm level at 2.5 GHz and 5.8 GHz to the LNA. Figure 11 plots the relationship between the output signal at 2.5 GHz and the level of the input signal at 5.8 GHz. As seen, with the signal at 5.8 GHz at the input increasing, the output signal at 2.5 GHz is gradually compressed. When large enough, it is nearly blocked, as known the large signal blocking effect. The performance of the LNA under simultaneous 3-band signal input is also studied. As shown in Figure 12 , with signals at 2.5 GHz, 3.5 GHz and 5.8 GHz all with −20 dBm level applied to the input simultaneously, each signal is amplified almost without compression due to interference from others and all the spurious output are below −28 dBm, thus proving the feasibility of the proposed LNA. Table 3 gives a summary of the results of this work and the recently published concurrent multi-band LNAs. As can be seen, this work features low NF, high IIP3 as well as good input/output return loss and performs pretty well.
The design technique presented in this study can be easily applied to other LNAs with multi-band operation. As a demonstration, a concurrent dual-band LNA for WLAN applications according to 802.11 b/a/g standards to cover 2.4/5.2/5.8 GHz bands is also designed. The corresponding S parameters are illustrated in Figure 13 , with input/output return loss better than 13 dB, gain about 22 dB, reverse isolation better than 30 dB across 2.4-2.5 GHz, 5.1-5.9 GHz. Noise and linearity performances are comparable to the former LNA proposed. Apparently, satisfied results are achieved once again. Figure 13 . S parameters of the dual-band LNA for WLAN applications.
CONCLUSION
This work investigates a novel circuit topology of concurrent multiband LNA for both WLAN and WiMAX applications. By the stepped-impedance transformer and feedback techniques, excellent performances including input and output return loss of 12 dB, gain of 21 dB, and noise figure of 2 dB are achieved across the three bands of operation. Such design for WLAN/WiMAX applications is the first of its kind and the state-of-the-art performances distinguish the LNA in future multi-band applications.
